Stroking of the skin produces pleasant sensations that can occur during social interactions with conspecifics, such as grooming 1 . Despite numerous physiological studies (reviewed in ref. 2) , molecularly defined sensory neurons that detect pleasant stroking of hairy skin 3, 4 in vivo have not been reported. Previously, we identified a rare population of unmyelinated sensory neurons in mice that express the G-protein-coupled receptor MRGPRB4 (refs 5, 6) . These neurons exclusively innervate hairy skin with large terminal arborizations 7 that resemble the receptive fields of C-tactile (CT) afferents in humans 8 . Unlike other molecularly defined mechanosensory C-fibre subtypes 9,10 , MRGPRB4 1 neurons could not be detectably activated by sensory stimulation of the skin ex vivo. Therefore, we developed a preparation for calcium imaging in the spinal projections of these neurons during stimulation of the periphery in intact mice. Here we show that MRGPRB4 1 neurons are activated by massage-like stroking of hairy skin, but not by noxious punctate mechanical stimulation. By contrast, a different population of C fibres expressing MRGPRD 11 was activated by pinching but not by stroking, consistent with previous physiological and behavioural data 10, 12 . Pharmacogenetic activation of Mrgprb4-expressing neurons in freely behaving mice promoted conditioned place preference 13 , indicating that such activation is positively reinforcing and/or anxiolytic. These data open the way to understanding the function of MRGPRB4 neurons during natural behaviours, and provide a general approach to the functional characterization of genetically identified subsets of somatosensory neurons in vivo.
In isolated skin-nerve preparations, MRGPRB4 1 neurons were not electrophysiologically activated by mechanical, thermal or chemical stimuli (see Supplementary Note 1). Therefore, we sought to perform calcium imaging specifically in these neurons while stimulating the periphery of intact mice. To target genetically encoded calcium sensors to MRGPRB4 1 or MRGPRD 1 neurons, we injected neonatal Mrgprb4-tdTomato-2A-cre mice ( Supplementary Fig. 1) or MrgprD-EGFP-cre mice 10 intraperitoneally (i.p.) with a Cre-dependent adeno-associated virus (AAV) expressing GCaMP3.0 (ref. 14) ( Supplementary Table 1 , Methods and Supplementary Note 2). A similar efficiency of viral expression (62 6 3.6%) was observed in MrgprD-EGFP-cre mice ( Fig. 1b, Supplementary Fig. 2a -c, g and Supplementary Note 2). This approach yielded relatively efficient expression of the genetically encoded calcium sensor in MRGPRB4::tdTomato 1 dorsal root ganglia (DRGs) neurons (62 6 6%) along the rostro-caudal axis in adult mice (Fig. 1a, c, Supplementary Fig. 2d -f, h and Supplementary Note 2). Expression of GCaMP3.0 or mGCaMP3.0 was especially robust in the central spinal projections of these neurons (Fig. 1d, e ). No expression of the reporter was observed in virally injected wild-type mice.
To record calcium transients in the central projections of MRGPRD 1 or MRGPRB4 1 neurons, we performed two-photon imaging through a spinal cord laminectomy while stimulating the intact animal ( Fig. 1f and Supplementary Note 3). We first tested responses to centrally or peripherally applied chemical stimuli. Direct application to the spinal cord of depolarizing concentrations of KCl elicited robust fluorescence increases over baseline, DF/F, in both MRGPRD 1 fibres ( Fig. 1g , i, m; mean per cent increase in peak DF/F (MPI DF/F peak ) 5 222 6 19% (6s.e.m.); mean latency to peak (MLP) 5 8.6 6 3.6 s, n 5 3) and MRGPRB4 1 fibres (Fig. 1h , j, n; MPI DF/F peak 5 201.6 6 33.2%, MLP 5 9.3 6 4.15 s, n 5 3). We also observed responses to a,bmethylene (Me) ATP, a ligand known to activate both MRGPRB4 1 and MRGPRD 1 neurons in vitro 7,15 , via both direct spinal application and/or peripheral injection into hairy or glabrous skin of the hindpaw, respectively ( Fig. 1k -n and Supplementary Fig. 3 ; see also Supplementary Note 4). Finally, MRGPRB4 1 central fibres were activated by peripheral injection of capsaicin in mice genetically engineered to express TRPV1 in MRGPRB4 1 neurons, which normally do not express this channel 7 ( Supplementary Fig. 4 and Supplementary Note 4). Thus, our preparation was able to detect calcium transients in both MRGPRD 1 and MRGPRB4 1 fibres by peripheral injection of specific chemical stimuli that activate these neurons.
We next tested whether this preparation could be used to image activity evoked by mechanical stimulation of the periphery. We first measured activity in MRGPRD 1 fibres after mechanical stimulation of the hindpaw using a custom pinching device (see Methods) ( Fig. 2a ). In agreement with their established role in sensing noxious punctate mechanical stimuli 10, 12 , MRGPRD 1 fibres were strongly activated by trains of pinching stimuli in the ipsilateral hindpaw (and more specifically in the particular experiment by pinching of the most distal ipsilateral digit) ( Fig. 2d , e; MPI DF/F peak 5 77.8 6 8.9%, n 5 7 trials per mouse). Responses were restricted to a subset of GCaMP3.0-expressing fibres within a given imaging field, whereas other fibres were unresponsive ( Fig. 2c -e, h and Supplementary Fig. 5a -e). This heterogeneity probably reflects the different receptive fields of these fibres relative to the site of stimulation. Responses of MRGPRD 1 fibres to pinching were reproducible across trials and mice ( Fig. 2d , e, h, j and Supplementary  Table 2 ), and also specific to the ipsilateral hindpaw and to particular digits (Supplementary Fig. 6 and Supplementary Note 5).
Importantly, MRGPRD 1 fibres in a given region of interest (ROI) that were activated by pinching were not activated when the last digit of the ipsilateral hindpaw was stroked lightly using a brush ( Fig. 2f , g, i). The same fibres could, however, be reactivated by a subsequent pinching stimulus ( Supplementary Fig. 9i -l), indicating that the lack of response to brushing was not due to adaptation or desensitization produced by the pinch stimulus. These data therefore suggest a specificity of MRGPRD 1 fibres for punctate or focal noxious mechanical stimulation of the skin, consistent with previous physiological and behavioural studies of this subpopulation 10, 12 .
To functionally characterize MRGPRB4 1 fibres, we tested a variety of innocuous mechanical stimuli designed to simulate natural stroking or grooming, using a custom-designed brush ( Fig. 3a, Supplementary Fig. 14 and Methods). Calcium transients in MRGPRB4-tdTomato 1 fibres ( Supplementary Fig. 7 ) were elicited by repeated stroking (0.2-0.5 Hz) of relatively large areas (2-3 mm 3 20-30 mm) of posterior dorsal thoracic and proximal hindlimb hairy skin ( Fig. 3c -e, h; green traces), consistent with the distribution of MRGPRB4 1 fibres in the periphery 7 . The average forces and velocities delivered from these manual stimuli, which included a mild pressure component, were relatively dynamic but fell within the range of 20-90 mN and a speed of 0.5-2 cm s 21 (see Methods). As in the case of MRGPRD 1 neuron responses to pinching, responses in MRGPRB4 1 neurons to stroking were observed in particular fibres in a given field of view, were specific to the ipsilateral side of the animal and particular areas of the skin, and were reproducible across trials and animals ( Fig. 3 , Supplementary Figs 5, 7 and 8, Supplementary Table 3 and Supplementary Note 6). In contrast to MRGPRD 1 fibres, MRGPRB4 1 fibres were not activated by localized pinching of hairy skin in regions activated by stroking ( Fig. 3f , g, i), and this selectivity was not due to desensitization ( Supplementary Fig. 9a-f ). These data indicate that MRGPRB4 1 fibres are activated by massage-like stroking of hairy skin. Thus, the two classes of cutaneous C fibres marked by expression of MRGPRB4 and MRGPRD, respectively, respond to distinct types of mechanical stimulation in vivo. The reason why MRGPRB4 1 fibres are not also activated by pinching is not clear, but could reflect their specific tuning to moving stimuli 16 .
The stimuli used to activate MRGPRB4 1 fibres were designed to mimic stroking and allogrooming stimuli. The social interactions associated with such stimuli have been shown to be positively reinforcing in juvenile mice 17 , using a conditioned place preference (CPP) assay 13, 17 , suggesting that these stimuli may have a positive affective valence 18 . We therefore asked whether direct activation of MRGPRB4 1 neurons could similarly promote a preference for the location in which this stimulation occurred, using a pharmacogenetic strategy. Juvenile (1-month-old) Mrgprb4-cre male mice were injected neonatally with an AAV encoding the hM3-(G q -coupled) DREADD 19 , the activation of which by clozapine-N-oxide (CNO) causes membrane depolarization ( Fig. 4a ). Calcium imaging experiments confirmed that CNO was able to induce calcium transients in MRGPRB4 1 spinal afferent fibres co-expressing GCaMP3.0 and hM3DREADD (Supplementary Fig. 10 and Supplementary Note 7).
We tested whether activation of MRGPRB4 1 neurons would promote a preference for the chamber associated with CNO treatment. Because most mice during a pre-training exposure to the CPP apparatus showed an initial preference for one of the two side chambers ( Fig. 4b , 'I.P.' and Supplementary Fig. 11 ), we used a biased design 20, 21 to test whether activation of MRGPRB4 1 neurons would increase the animals' preference for the initially non-preferred (I.N.P.) chamber. To do this, mice were conditioned over 4 days (experimenter blind to genotype) by pairing a 1-h exposure to CNO with the I.N.P. chamber on each of two days, alternating with exposure to saline in the I.P. chamber ( Fig. 4c , lower).
When tested on the day after conditioning, Mrgprb4-hM3DREADD mice ( Fig. 4e ), but not a series of control mice ( Fig. 4f -i), exhibited a statistically significant increase in the time they spent in the I.N.P. chamber that was paired with CNO exposure ( Fig. 4c, d ; 190 6 95% increase, P , 0.01 pre-versus post-training, n 5 15 mice; see Supplementary Fig. 12 for scatterplots; Supplementary Fig. 13f and Supplementary Note 8). The mean difference score of the experimental animals in the I.N.P. chamber ( Fig. 4e , j; 253 6 65.8) was significantly higher than that of the pooled controls ( Fig. 4j ; 51.8 6 35.3, t 5 2.92, P , 0.01, n 5 33 mice) and our statistical power (0.83) was sufficient to detect this difference given the effect size (difference of means 5 201 6 70; 95% confidence interval: 62.9-339.3; Cohen's d 5 0.872). There was no statistically significant difference between groups in the time spent in the I.N.P. chamber during the pre-test ( Supplementary Fig. 12 ). These data suggest that artificial activation of MRGPRB4 1 neurons in vivo is positively reinforcing and/or anxiolytic 18, 21 . In contrast, artificial activation of MRGPRD 1 neurons using CNO and DREADD produced neither CPP (Fig. 4d, h and Supplementary Fig. 12d and 13d) nor (in separate experiments) conditioned place aversion 22,23 (CPA; data not shown). The failure to obtain CPA using MRGPRD::DREADD mice may reflect technical or biological factors. For example, although hindpaw injection of formalin produces CPA 22 , MRGPRD 1 neurons are not required for nocifensive responses to formalin 24 .
Here we report the first application of calcium imaging to record physiological responses of primary sensory neurons to cutaneous stimulation 
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in an intact animal. Using genetically encoded calcium sensors, we identify a molecularly defined subpopulation of unmyelinated fibres that responds to innocuous stroking of hairy skin in vivo. Selective manipulation of these neurons in vivo also provides the first example of a genetically identified population of C fibres whose functional activation has a positive 18 rather than negative 23 behavioural valence.
Our results provide proof-of-principle for a means to link molecular identity to stimulus selectivity for primary sensory neuron subtypes that cannot be functionally characterized using more conventional approaches. The inability to detect activation of MRGPRB4 neurons by mechanical stimuli in isolated skin-nerve preparations 10 , for whatever reason(s) (see Supplementary Discussion 1), clearly distinguishes them functionally from other populations of unmyelinated mechanosensitive neurons that have been recently characterized in this manner 9 .
In humans, C-LTMRs, also called C-tactile (CT) afferents 2 , have been associated with gentle, pleasant stroking of hairy skin 25 . Although the unmyelinated axons of MRGPRB4 1 neurons 7 indicate that they are C fibres, it is not possible to classify them as low-threshold mechanoreceptors according to the electrophysiological criteria established for C-LTMRs 26 , as they are not activated by von Frey filaments. Nevertheless, our imaging and behavioural data taken together suggest that MRGPRB4 1 neurons detect massage-like stroking of hairy skin that is pleasant or rewarding, supporting the hypothesis that they may constitute at least one class of CT afferents 7 . Further studies will be required to determine whether sensory neurons with similar properties exist in humans. In mice, activation of these neurons may normally occur during social (affiliative or maternal) interactions, during self-stimulation or other behavioural conditions. Identification of these conditions will enable assessment of the requirement of . e, Average response to pinching in a single mouse (n 5 4 trials, 7 stimuli total). See also Supplementary Fig. 5a -e. f, Response to four brushing stimuli (grey bars) delivered to pinch-sensitive digit (d), in same ROI (c). See also Supplementary Fig. 9g -l. g, Average response to brushing (n 5 2 trials, 7 stimuli total). h, i, MPI DF/F peak (upper) or integrated area (lower) from curves in e, g, respectively. Open and filled bars are 5 frames before and 40 frames after stimulus delivery, respectively (see Supplementary Note 9). j, MPI DF/F peak in two different ROIs (red and turquoise bars) from each of three mice. Open and filled bars as in panels h, i. See also Supplementary  Table 2 . *P , 0.05; **P , 0.01; ***P , 0.001. All data are mean 6 s.e.m. Supplementary Fig. 5g -j. f, Response to five pinching stimuli (turquoise bars) in brush-sensitive region (d), in same ROI (c). See also Supplementary Fig. 9a-f . g, Average response to pinching from the same animal (n 5 2 trials, 10 stimuli total). h, i, MPI DF/F peak (upper) or integrated area (lower) calculated from the curves in e, g, respectively. Open and filled bars are 5 frames before and 20 frames after stimulus delivery, respectively. NS, not significant. j, MPI DF/F peak in two different ROIs (red and blue graphs) from each of three independent mice. Open and filled bars as in panels h, i. See also Supplementary Table 3 . **P , 0.01; ***P , 0.001. All data are mean 6 s.e.m.
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MRGPRB4 1 neurons for specific behavioural responses, via loss-offunction experiments. The functional characterization of a novel population of CT afferents in the mouse now opens the way to identifying the molecular transduction mechanisms operating in these cells, and the higher-order circuitry that these neurons engage to produce a positive affective state 27 .
METHODS SUMMARY
Mice expressing reporters and/or Cre recombinase targeted to the Mrgprb4 locus 7 were generated by homologous recombination in embryonic stem cells, according to standard procedures. Heterozygous neonates from MRGPRD-Cre and MRGPRB4-Cre mice were injected intraperitoneally 28 with Cre-dependent AAV8 viruses expressing GCaMP3.0 or mGCaMP3.0 (ref. 14) or hM3-(G qcoupled) DREADD 19 , and imaged as adults ($8 weeks old). Electrophysiology experiments on ex vivo skin-nerve preparations from adult heterozygous Mrgprb4-EGFPf reporter mice were performed as described 26 . For calcium imaging, after a dorsal laminectomy the spinal column was stabilized 29, 30 and filled with imaging solution (see Methods). Imaging was performed using a two-photon laser-scanning microscope (Ultima, Prairie Inc.) using an Olympus 340 0.8 N.A. water immersion objective, at 128 3 128 pixel resolution with an acquisition rate of 8-12 frames per second. Mechanical stimuli were delivered using a custom-modified No. 5 sable paint brush or serrated forceps, in a manner electronically time-stamped to image acquisition ( Supplementary Fig. 14 and Methods). Stimuli were delivered to each mouse in a series of trials, separated by a few minutes; each trial consisted of one or more stimuli delivered typically at intervals of several seconds. Chemical stimuli were delivered to the spinal cord using a Pipetman pipette and to the periphery using a syringe pump. Calcium responses were analysed using custom software written in Matlab (see Methods). For calculating DF/F [(F av 2 F 0 )/F 0 ], F 0 is the average of the first ten frames of the recording period.
For behavioural experiments, juvenile (1-month-old) mice neonatally injected with Cre-dependent AAV8 viruses expressing hM3DREADD were subjected to a conditioned place preference assay (CPP 13 ) using a biased design 20, 21 , by an investigator blind to genotype. All mice were tested for their initial chamber preference before conditioning (see Fig. 4c , lower panel).
All data were analysed for statistical significance using repeated measure ANOVAs (unless stated otherwise). After detection of a significant interaction and/or main effect, Bonferroni-corrected post-hoc comparisons of means were performed. Details of statistical analysis are available in Methods. Supplementary Fig. 13 . e-i, Difference scores ((time in indicated chamber after training) -(time in chamber before training)) for experimental (e, n 5 15) and control (f, g, h, i, n 5 9, 6, 8, 10, respectively) groups. j, Comparison of mean difference scores for the I.N.P. chamber for the experimental (e) and the pooled control (f, g, h, i) groups. There was no significant difference between control groups. *P , 0.05, ** P , 0.01; *** P , 0.001. All data are mean 6 s.e.m.
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and limb was shaved and then the mice were transcardially perfused with chilled and oxygenated artificial cerebral spinal fluid. Surgical dissection was performed to isolate intact the hemisected spinal cord, L2-L3 dorsal roots and DRGs, saphenous nerves and innervated skin from the left or right hindlimbs. The skin was pinned hairy-side up on an elevated platform, keeping the dermal side perfused and the epidermis dry. Bath temperature was maintained at 31 uC. EGFP 1 cells were targeted using fluorescent microscopy and DIC optics. Recording electrodes contained 5% neurobiotin (NB) in 1 M potassium acetate. A small amount of ,1% lucifer yellow was added to the solution for better visualization of the microelectrode tip under fluorescent illumination. After impalement of a targeted neuron projecting through the saphenous nerve we first searched for its receptive field by stroking the skin using a fine camel-hair brush. Next the skin was searched using a small glass rod. We next applied thermal stimuli by flooding the skin surface with first cold (0 uC) and then hot (52 uC) buffered saline. Finally, in some of the experiments the skin was then treated with a cocktail of inflammatory compounds (10 mM histamine, 10 mM bradykinin, 10 mM serotonin and 10 mM prostaglandin E 2 , in 50% DMSO and 50% buffered Krebs solution at pH 6) for 3-5 min to determine if the cells were either chemosensory or whether they could be sensitized to respond to the other stimulus modalities. Summary of electrophysiology results. We recorded from 25 EGFP 1 positive cells from 10 saphenous nerve preparations made from Mrgprb4-EGFP-2A-FLP mice. None of these 25 cells could be activated with mechanical stimulation of the skin. Of these, 21 were also thoroughly tested for thermal sensitivity and were found to be unresponsive. Finally, four cells were tested with mechanical thermal and chemical stimuli (inflammatory soup) and all four remained unresponsive. Calcium imaging. Mice 2 months or older were sedated by i.p. injection of a mix of ketamine (100 mg kg 21 ), xylazine (15 mg kg 21 ), acepromazine (2.5 mg kg 21 in 0.9% NaCl). During surgery, body temperature was maintained at 37 uC with a heating blanket.
A dorsal laminectomy was performed mostly at spinal level L2-L4 (but occasionally at L1-L3) as described 30 but without removing the dura. The spinal column was stabilized using Narishige STS-A spinal clamps 29 . In addition we used a head-holding adaptor from Kopf (923-B Mouse Gas Anaesthesia Head Holder) that has installed an anaesthesia/gas mask for positioning the mouse head. In this apparatus the gas is applied through a standard hose barb positioned above the nose on the mask. The inlet fills a large gas chamber around the snout, a second hose barb below the mask is provided for vacuuming off excess, expelled gasses. The animals were maintained under continuous anaesthesia for the duration of the imaging experiments with 1-2% isofluorane or with hourly injections of the above ketamine mix. A well was built around the exposed spinal cord using Gelseal (Amersham Biosciences Corp) and Kwik Sil Adhesive (WPI). Warm imaging solution (in mM: 130 NaCl, 3 KCl, 2.5 CaCl 2 , 0.6 6H 2 O?MgCl 2 , 10 HEPES without Na, 1.2 NaHCO 3 , 10 glucose, pH 7.45 with NaOH) (37 uC) was repeatedly applied to prevent drying and maintain tissue integrity, and to allow the use of immersion objectives. During imaging the body temperature of the animals was maintained at 37 uC with a heating blanket and an air-therm heater (WPI) placed inside the microscope area.
Imaging experiments were performed under a two-photon laser-scanning microscope (Ultima, Prairie Instruments Inc.). Live images were acquired at 8-12 frames per second, at depths below the pia ranging from 100 to 250 mm, using an Olympus 340 0.8 N.A. water immersion objective, at 128 3 128 pixel resolution with a laser tuned to 940 nm wavelength, and emission filters 525/ 50 nm and 595/50 nm for green and red fluorescence, respectively. Laser power was adjusted to be 20-25 mW at the focal plane (maximally 35 mW), depending on the imaging depth and level of expression of GCaMP3.0. Focal planes containing fibres activated by stimulation of a given peripheral area were identified by trial and error. tdTomato fluorescence was used to identify MRGPRB4 1 fibres until photobleaching occurred. Stimulus delivery during imaging experiments. Brushing stimuli were delivered using a sable paint brush No. 5. Pinching stimuli were delivered using serrated forceps (Adson-Graefe tissue forceps, Fine Science Tools, catalogue no. 11030-12). A touch sensor was designed to allow detection of a finger touch to a conductive band (copper) mounted on the paint brush (Methods and Supplementary  Fig. 14a, b) . The function of the sensor amplifier/brush is to allow the coordinated movement of the brush tip with a light touch of the sensor band to produce a TTL (15 V DC) compatible voltage pulse that can be time-stamped to the image acquisition. For the pinching stimulation the touch sensor was modified to detect closure of the forceps. This adjustment was accomplished by mounting a plastic screw on the forceps so that the contact closure occurred at a consistent position (Methods and Supplementary Fig. 14b ).
The circuitry inside the touch-sensor box was designed as follows (see circuit diagram in Supplementary Fig. 14c ): the stimulus device (brush or forceps) was attached by a small wire with a male pin at the end. A 2-m cable with a matching RESEARCH LETTER female receptacle and a BNC connector conveyed the electrical signal to the touchsensor amplifier. The probe input on the amplifier was connected to 12.5-V DC through a 10 MV resistor. This point was attached to a high impedance follower. The shield (outer part of the coaxial cable) on the probe wire is 'driven' by being connected to the output of the follower. This provides a low-impedance shield to keep electrical interference from coupling to the touch probe input line. When a touch is made, the output of the follower amplifier has a noise envelope (primarily 60/120 Hz) picked up by the body of the person touching the probe band (or the metal body of the forceps). The signal from the follower amplifier is rectified and injected into the positive input of a voltage comparator. The minus input of this circuit is connected to the wiper of a potentiometer on the front panel that provides a sensitivity adjustment. This adjustment allows for the wide range of touch sensitivity that is needed. When the voltage on the plus input (signal from the probe amplifier) exceeds the voltage on the minus input (set by the potentiometer) the output of the comparator is increased. The output of this comparator is conveyed to a BNC connector on the panel as a TTL pulse. The voltage level on this BNC remains high (15 V) as long as the 'touch' is being made. The signal is internally directed to a three position switch that allows for an LED to be lit or a tone to be generated, enabling visual or auditory confirmation of times when stimulation is performed. The TTL pulse is recorded by the Trigger Sync program (Prairie) which is time-locked with the two-photon image acquisition system (Prairie View, Prairie), thereby identifying imaging frames at which the mechanical stimuli were applied.
We concurrently recorded where on the animal the mechanical stimulation was applied. First, a dim red grid was projected onto the mouse (so as to have the least interference with the detection of the green fluorescence) using a laser pico projector (MicroVision, SHOWWX) to deliminate a coordinate system for stimulation. Then the movement of the brush and the location in the peripheral areas of the brushes were recorded using a camera (Basler, A601f-2).
For delivery of chemical stimuli to the spinal cord, KCl, final concentration (60 mM 37 ), a,b-methylATP (5 mM 38 ) and CNO (1.5 mM) were delivered manually to the imaging bath using a pipetman pipette.
For delivery of chemical stimuli to the periphery, a,b-methylATP (10 ml from 1 mM solution) and capsaicin (10 ml from 1 mM solution (10% DMSO in saline)) was injected in the ventral and dorsal hindpaw of MRGPRD and MRGPRB4 mice, respectively, using a syringe pump (WPI, Inc., sp200i syringe pump). The timing of the injection was controlled by the two-photon image acquisition system and associated software (Prairie View and Trigger Sync, Prairie Technologies) to link it with image acquisition. Analysis of imaging data. GCaMP3.0 responses were quantified using custom software written in Matlab (VivoViewer software). Initially, the raw data were filtered by smoothing using a Gaussian filter. The filter is represented by a 3 3 3 matrix with values proportional to a two-dimensional Gaussian with its peak at the centre, s.d. 5 0.5, and normalized so that the matrix's entries sum to 1. The filtered value for each pixel 5 (its original value 3 the filter value in the centre) 1 (original values of the adjacent pixels each multiplied by their corresponding filter values).
To calculate values for pixels at the edge of the image, the image is treated as though there are pixels beyond the edge with values equal to those of the nearest edge pixel. Next, the images were subjected to background subtraction to remove excess background noise. This was accomplished by drawing an ROI around a region without any visible structures and calculating the average pixel value in that background ROI, for each frame used for analysis. This value was then subtracted from every pixel in the corresponding frame.
The average fluorescence intensity, F av , was measured by calculating the average (background-subtracted) pixel values in a given ROI, for each image frame recorded during a time interval spanning before and during the stimulation period. The F av was then converted to DF/F using the formula DF/F 5 (F av 2 F 0 )/F 0 , where F 0 is the baseline fluorescence value, measured as the average pixel intensity during the first 2-11 frames of each imaging experiment. The resulting time series of DF/F in a given ROI was smoothed using a moving average with a window of three frames. For calculation of the trial average curves (see, for example, Figs 2e, g and 3e, g) for mechanical stimuli we used a seven-frame smoothing window. Sections of the DF/F time series during which a stimulus occurred were collected for multiple trials, aligned to the onset of the stimulus, and averaged to find the mean response curve. Because repeated mechanical stimuli were delivered during each experimental trial, to be consistent each DF/F trace was calculated for a period of five frames just before each stimulus onset and for the subsequent 20 or 40 frames (that is, the first frame of these 20-40 frame series coincided with the initiation of the stimulus). From these values we calculated the mean peak DF/F (MPI DF/F peak ) and area under the curve for all the applied stimuli across trials. The average DF/F values for specific ROIs in the same field of view were tested for statistical significance by repeated measures ANOVA, followed by Bonferroni-corrected post-hoc comparison of means.
In the case of chemical stimulation (delivered either to the spinal cord or to the periphery), typically a single trial was performed for a given mouse, due to the difficulty of maintaining the same focal plane during the period of application of the chemical to the spinal cord or the period required for diffusion of the liquid bolus delivered for peripheral injection, respectively. In these cases, therefore, the MPI DF/F peak before and during the stimulation period were calculated for multiple mice imaged using ROIs of similar size, and were compared for statistical significance (relative to pre-stimulus baseline) by repeated measures ANOVA, followed by Bonferroni-corrected post-hoc comparison of means (unless stated otherwise).
The DF/F values in supplementary Fig. 7b and e were corrected for photobleaching as described 39 .
Behaviour. The conditioned place preference (CPP) protocol was based on previous studies 13, 17 . As we tested for a positive valence effect of activation of MRGPRB4 neurons, we used a biased compartment assignment procedure in which activation of the neurons is tested for its ability to increase the time spent in the initially non-preferred chamber 20 . The CPP apparatus consisted of a rectangular chamber divided into three compartments (300 3 150 3 150 mm per compartment), connected via an opening (50 3 50 mm) in each delimiting wall. The two side (test) compartments were designed to have different visual and tactile cues, by having distinct walls (horizontal or vertical alternating white and black stripes) and distinct floors (different shapes of floor grids with big or small square holes). In addition a 1-inch-diameter polyvinylchloride (PVC) pipe coupler (two schedule 40 wall thickness), either threaded or smooth, was placed in the centre of each side compartment to enrich for tactile cues 17 . The centre compartment was a neutral plastic enclosure (see Fig. 4b ). This design was chosen so as to promote a compartment preference assignment for each mouse. A video tracking system (Noldus Ethovision) recorded all animal movements.
Because our hypothesis is based on the social reward mediated by social contact in juvenile mice 17 , the mice used were approximately 1-month old. After weaning the mice were maintained in social groups and left undisturbed until the start of the CPP assay. The paradigm was completed in 6 days. The day before pre-testing the mice were socially isolated in their home cage. On day 1 of the procedure each mouse was placed in the central compartment and allowed to explore the entire apparatus freely for 30 min (pre-test). After the pre-test the initial preference of each mouse for a given side compartment was recorded. With our apparatus design most of the mice showed an initial preference for one of the two side compartments. Conditioning was initiated on day 2 and encompassed four sessions performed on four consecutive days. In the first conditioning session mice were injected i.p. with CNO (5 mg kg 21 ) 19 (or saline of an equivalent volume for some control mice) and placed for 1 h (based on the observation that CNO effects peak between 45 and 50 min after administration 19 ) in the initially non-preferred (I.N.P.) compartment. On day 3, during the second conditioning session, all mice were injected with saline and confined for 1 h in the opposite (that is, initially preferred, I.P.) compartment. (The second conditioning session was performed the following day as CNO effects last for 9 h (ref. 19 ).) On day 4 and day 5 the first and second conditioning sessions were repeated, respectively. The time between the i.p. injections of CNO or saline and the placement of the mice in the compartment was between 5-10 min, which is compatible with the time that is needed for CNO to start having an effect 19 . On day 6, the mice were tested for their side compartment preference by placing them in the centre compartment and allowing them to explore the entire apparatus freely for 30 min (post test). All sessions were conducted blind to the genotype/injected virus of each mouse. For the conditioned place aversion (CPA assay) the mice remained group-housed until the day before the pre-test. After the pre-test, on the first day of the conditioning session the mice were injected with saline and confined in the I.N.P. compartment. On the second day of conditioning the mice were injected with CNO (except for the saline control mice) and placed in the I.P. compartment. On the third and fourth day of conditioning the first and second sessions of conditioning were repeated, respectively. On the sixth day the mice were tested for their preference in the threecompartment arena. Behavioural data analysis. Difference scores for each chamber (time in chamber during post-test minus time in chamber during pre-test) were analysed for statistical significance (significant difference from zero) using simple or repeated oneway ANOVA (P , 0.05) followed by a Bonferroni-corrected post-hoc comparison of means. For the comparison of the mean difference scores between the experimental and the pooled control groups (Fig. 4j) , an unpaired t-test was used.

